Abstract: Liquefied natural gas (LNG) terminals, one of the lifeline facilities, need to be protected by a proper seismic design against extreme earthquakes. An LNG terminal consists of a series of process facilities that are connected by pipelines of various sizes. Boil-off gas (BOG) compressor is one of the critical process facilities whose failure will cause the functional failure of the LNG terminal. Process facilities, including BOG compressor, other than LNG storage tanks and pipes, have not been a major concern in terms of the seismic performance evaluation. In this study, the seismic performance of a BOG compressor is evaluated and the seismic fragility functions are presented. An integrated system of a BOG compressor is modeled by a 3 dimensional finite element modeling scheme. A series of time history analyses are conducted to monitor the behavior of anchor bolts, one of the most critical elements in the BOG compressor. To develop fragility curves, a set of 20 ground motions are selected from a database of the historic earthquake accelerations. Fragility curves are developed based on the maximum likelihood estimation approach with respect to the strength limit states. When an earthquake load is applied to the BOG compressor, the main motor is likely to overturn and the flywheel is likely to slide, and, consequently, anchor bolts will be subjected to tension and shear force, respectively. It is concluded that the BOG compressor is safe against the design level earthquake
INTRODUCTION
A liquefied natural gas (LNG) receiving terminal (or just LNG terminal for short) is a facility where LNG is unloaded from shipment, stored, regasified, and exported to distribution terminals. Since LNG is a hazardous material due to its flammability after vaporization, an LNG terminal has to be designed such that the leakage of LNG is prevented under various environmental hazards such as an earthquake or a tsunami. In addition to a direct hazard, its societal and economic impacts would be considerable to nearby urban regions when an LNG terminal is damaged and gas is leaked.
Even if a facility is seismically designed, it is still vulnerable to earthquakes stronger than the design earthquake. Furthermore, an earthquake smaller than the design earthquake may damage the facility if the ductile design concept is applied. Therefore, it is important to understand the seismic capacity of the facility over a wide range of earthquake intensities. Seismic fragility analysis is one of the most common approaches to evaluate the seismic capacity of structures such as buildings, bridges, nuclear power plant, and lifelines [1] [2] [3] [4] [5] [6] .
An LNG terminal consists of various process facilities, mechanical equipment, and pipelines. Research on the *Address correspondence to this author at the Department of Civil Engineering, Konkuk University, Seoul, Korea; Tel: +82-2-450-4093; Fax: +82-2-450-4093; E-mail: thlee@konkuk.ac.kr evaluation of seismic performance has been focused on LNG storage tanks and pipelines [7, 8] . Seismic design regulations or guidelines are also established only for tanks and pipelines [9] [10] [11] . The other process facilities such as compressors and vaporizers are rarely a subject of seismic analysis. However, the evaluation of the seismic performance of the LNG terminal requires the evaluation of all process facilities.
The purpose of this paper is to evaluate the seismic performance of a boil-off gas (BOG) compressor in terms of its fragility functions. One of the typical BOG compressors in operation in a Korean LNG terminal is selected and its 3-dimensional finite element model is built using a commercial program. Using a set of 20 selected ground motions, time history analysis is performed for various levels of ground motion intensities. Finally, fragility curves for specific limit states are developed using the maximum likelihood estimation method.
DESCRIPTIONS OF BOG COMPRESSOR
An LNG terminal receives, stores, and regasifies natural gas. BOG is gas vaporized from LNG when heat is introduced, pressure is lowered, or some other reasons. If BOG is not properly treated, the pressure in the tank and pipeline rises and causes a problem in the whole process of regasification. Therefore, BOG is re-liquified and sent to the storage tank, or sent to the vaporization process units. A BOG compressor puts pressure on BOG. Fig. (1) shows a schematic view of the major process facilities in an LNG. shows a picture of the BOG compressor in operation in one of the Korean LNG terminals and selected as the example compressor of this study.
The BOG compressor consists of compressor units and the foundation, with the compressor units fastened to the foundation using anchor bolts. The compressor consists of 4 cylinders, 4 dampers, a main motor, and the flywheel. It is noted that the flywheel changes a rotational motion to a reciprocating motion. The foundation is a reinforced concrete structure with a deep thickness. Fig. (3) shows a schematic view of the BOG compressor where major mechanical parts and dimensions of the foundation are indicated. Five types of anchor bolts are used for different mechanical parts of the BOG compressor. Table 1 lists anchor bolts for different mechanical parts and their sizes.
SEISMIC PERFORMANCE EVALUATION

Seismic Design Regulations for LNG Terminal
Most of the process facilities in the Korean LNG terminal are seismically designed. Unlike the LNG storage tank, a seismic design regulation explicitly for a BOG compressor is not available and the Uniform Building Code [12] and NFPA 59A [13] are utilized to design such a process facility. Process facilities including the storage tank are designed against the Operational Basis Earthquake (OBE) and Safe Shutdown Earthquake (SSE) according to NFPA 59A. The OBE ground motion at a site is defined as the lesser of ground motion with a 10% probability of exceedance within a 50 year period (475 year return period) or two-thirds of the Maximum Considered Earthquake (MCE) ground motion. In NFPA 59 [13] , the MCE is defined as ground motion having a 2% probability of exceedance within a 50 year period (2475 year return period). The SSE ground motion at a site is defined as the lesser of 1% probability of exceedance within a 50 year period (4975 year return period) or two times the OBE. The design objective for SSE is to protect the facility by limiting seismic damage and to store LNG safely. The BOG compressor considered in this study is designed for SSE where the design ground accelerations are 0.2 g and 0.13 g in the horizontal and vertical directions, respectively. The Korea Hydro and Nuclear Power Co. has applied the SSE measure to 0.2 g on operational and constructing nuclear power plants considering the seismicity in South Korea. It corresponds to an earthquake with the return period of 10,000 years. The same SSE is used to design LNG terminal facilities [14, 15] .
Finite Element Modeling of BOG Compressor
The finite element model of the BOG compressor is developed using a commercial program, SAP2000 (version 15) [16] . It should be noted that the hand-written drawings of the compressor are reviewed to collect pieces of information required to develop a finite element model. Basically, all components of the compressor are modeled using a beamtype element. The reinforced concrete foundation and base plates encased by the foundation concrete are assumed rigid and are modeled as support conditions. Base plates are assumed to be resistant only to the bearing force. Anchor bolts that fasten base plates are assumed to be resistant to tensile and shear forces developed by overturning and sliding of the compressor, respectively. The base plate is modeled using Gap Element in SAP2000 which is defined only in a compressive region while the anchor bolt is modeled using Multi-Linear Plastic Element in SAP2000 which defines nonlinear material models in tensile and shear modes. It is assumed that the anchor bolt is not subjected to compression. It should be noted that the friction between the foundation and base is neglected. The effect of rotating or reciprocating mechanical parts in the compressor are not considered in the modeling according to Kubr and Zeman [17] . Fig. (4) shows the finite element model of the BOG compressor with the labels of major mechanical parts.
The tensile behavior of the anchor bolt is dictated by a bilinear steel material model defined by the yield strength, ultimate strength, and their corresponding strains. The shear force-deformation relation of the anchor bolt is developed by a pushover analysis where the bearing force induced by the base plate is simulated. Fig. (5) shows the finite element model of the anchor bolt with a uniformly distributed lateral load and the pushover analysis results for various bolt types.
Application of Ground Motions
Seismic performance of the BOG compressor is evaluated by time history analyses. The seismic response of a structure calculated by a time history analysis varies according to the input ground motion time history. Therefore, the ground motion time histories should be carefully selected for the purpose of the analysis. In this study, twenty recorded ground acceleration time histories are selected from the strong motion database provided by the Pacific Earthquake Engineering Research (PEER) Center [18] . The ground motions are selected among damaging historic earthquakes worldwide such that response spectra show wide range of spectral accelerations. A selected ground motion includes two horizontal and a vertical components where they are scaled such that the peak ground acceleration (PGA) of the vector sum of the two horizontal components is 0.2 g and PGA of the vertical component is 0.13 g as the seismic design regulation specifies. Fig. (6) shows the response spectra of the selected ground motions where the orange line indicate the average response spectrum of them. It is noted that PGA of all ground motions are scaled to 0.2 g.
A wide range of earthquake intensities, namely PGA, is considered to evaluate the seismic performance of the BOG compressor. The ground acceleration profiles are scaled again so that the PGA of the sum of the horizontal components ranges from 0.2 g to 8.0 g where the vertical component is scaled accordingly. Table 2 shows the magnitude and PGAs of all directional components of the selected set of ground motions. Since the BOG compressor is an irregular structure, its vibrational modes may include complex mode shapes. Also, the horizontal application direction of the ground motion may affect the response of the compressor. Sine waves are applied to the compressor in various horizontal directions to determine the most influential direction where the largest response is calculated. Fig. (7) shows the variation of the maximum forces in the anchor bolts in X, Y, and Z directions for various application directions. It is observed that the 315 degrees from the X-axis is the most influential direction as indicated in Fig. (8) . Accordingly, all the horizontal ground motions are applied so that the vector sum of the two horizontal components is applied in 315 degrees in the following time history analyses.
Time History Analysis Results
The Interpretation of Eigenvalue Analysis
Eigenvalue analysis of the BOG compressor is performed to understand its dynamic characteristics. Fig. (9) shows the first four vibrational mode shapes and the corresponding natural periods. The compressor is a 'stiff' structure as the fundamental period is as small as 0.048 sec. The vibration of the main motor governs the first mode. The second mode involves the vibrations of the main motor, the dampers, and the cylinders. The vibrations of the dampers and the cylinders govern the third mode. The fourth mode involves the torsional vibrations of the dampers and the cylinders. From the eigenvalue analysis, we can understand that the vibrations of the main motor, and the dampers and cylinders are independent to each other. It should be noted that the flywheel, one of the main components of the compressor, does not contribute much to the first four vibrational modes.
Understanding the Structural Behavior of the Compressor
The focus of the structural behavior of the compressor is on the anchor bolts since they are designed to be the most vulnerable components to an earthquake loading due to the ductile design concept. The flywheel is a squat equipment that is anchored to the foundation over a wide area. When a lateral force is applied, the sliding motion of the dampers and cylinders are resisted by the anchor bolts of the flywheel as well as their own anchor bolts since the dampers and the cylinders are directly connected to the flywheel. On the other hand, the behavior of the main motor is sliding and overturning as it is relatively tall and the center of gravity is high. Consequently, the anchor bolts of the main motor are subjected to the shear and tensile forces. It should be noted that the main motor is connected to the flywheel only through the crankshaft and their vibrational behaviors are independent as mentioned earlier. In summary, the forces in the anchor bolts at the flywheel and main motor are the most critical ones and, therefore, monitored throughout the analyses. The analyses results indicate that the combination of the tensile and shear forces in the anchor bolts at the main motor are larger than those at the flywheel.
When the design level earthquake (0.2 g and 0.13 g PGAs in the horizontal and vertical directions, respectively) is applied, stresses in all anchor bolts are calculated as those within the elastic range. In this case, the largest stress in the anchor bolt is less than 10% of the yield strength. In conclusion, the BOG compressor is evaluated as seismically safe against the design earthquake. Fig. (10) shows time histories of a nodal displacement at the top of the BOG compressor and tensile and shear forces at an anchor bolt when an earthquake with 1.0 g PGA is applied. 
SEISMIC FRAGILITY FUNCTION
Seismic fragility is the conditional probability of a failure of a structural system given a specified earthquake intensity. Here, the failure of a structural system is defined as a damage measure that exceeds a specified threshold as well as a physical collapse of the structure. Fragility curves can be categorized into four groups [19] depending on how the damage data are obtained: empirical, judgmental, analytical, and hybrid which combines the prior three. Even though empirical and judgmental fragility curves may be more realistic, they are limited and analytical methods are widely used for the development of seismic fragility curves [20] . Analytical methods are further categorized depending on whether an analytical function or simulation is used. In the former method, the seismic fragility curve is explicitly expressed as an analytical function of the intensity of earthquakes. In the latter method, seismic fragility curves can be obtained through more rigorous structural analysis combined with simulation methods (e.g., Monte Carlo simulation) to generate random variables. The maximum likelihood estimation method is one of the simulation-based approaches as explained in the following subsection.
Maximum Likelihood Estimation Method
Among several methods to develop seismic fragility curves, the maximum likelihood estimation (MLE) approach proposed by Shinozuka et al. [5, 6] is used in this study. In this approach, the fragility function is assumed as a log-normal cumulative distribution function (CDF) expressed by (1) where a is the earthquake intensity, namely PGA in this study, c k and k are the median and the log-standard deviation of the log-normal CDF, and {•} is the standard normal CDF. In Eq. 1, the subscript k indicates the k-th limit state when more than one limit state is considered. c k and k are determined by the MLE approach.
The likelihood function is defined by (2) where F k (a) increases when damage occurs and 1 F k (a), the probability of not experiencing a damage, increases when damage does not occur for the earthquake intensity of a i . In Eq. 2, N is the number of ground motions considered and x i is a Bernoulli random variable that indicates whether the structure is damaged or not where 0 indicates no damage and 1 indicates damage. c k and k are determined so that Eq. 2 is maximized with respect to c k and k as follows 
Limit States
The anchor bolts are fixed to the cast-in-place foundation of the BOG compressor. The anchor bolt-foundation system is designed such that the foundation or pedestal concrete has enough breakout capacity, pullout strength, and side-face blowout capacity. Therefore, the anchor bolts are designed to yield before any kind of damage to the concrete happens. This leads to the ductile behavior of the BOG compressor. Consequently, it is reasonable to assume that the damage is localized only to the anchor bolts when an earthquake occurs.
The limit states of the anchor bolts are categorized by the shear failure, tensile failure, and shear-tension interaction failure. In each category, the yield and ultimate strengths define the limit states. Accordingly, six limit states are defined for the BOG compressor as shown in Table 3 . The tensile strengths are determined by the steel material model. The shear strengths are determined by the pushover analysis as mentioned earlier. The interaction failure is defined by the formula recommended by American Lifeline Alliance [21] as (4) where P and V are the tensile and shear forces acting in the anchor bolt and P c and V c are the tensile and shear strengths. P c indicates the yield strength or the ultimate strength in tension and V c indicates the corresponding yield strength or the ultimate strength in shear. The power n is suggested as 1, 5/3, and 2 in several guidelines such as UBC-97 [12] , NEHRP 97 [22] , ASCE-7 [23] , and ACI 318 [24] . In this study, 2 is arbitrarily selected for n.
Seismic Fragility Functions of the BOG Compressor
To develop a seismic fragility function, the performance of the BOG compressor needs to be evaluated over a wide range of earthquake intensities. At a specific PGA level, the sample rate of failure, i.e. x out of 20 cases failed, of exceeding the limit state is calculated and the fragility function is estimated using the MLE method. Fig. (11) shows the seismic fragility curves for the two limit states for the tension failure criteria, namely TLS1 and TLS2 representing yielding and ultimate limit states, respectively. For TLS1, the failure probability is larger than zero at 3.5 g or larger PGA, 50% at 4.4 g PGA, and 90% at 5.0 g PGA. For TLS2, the failure probability is larger than zero at 5.5 g or larger PGA, 50% at 7.0 g PGA, and 90% at 7.8 g PGA. In most cases, the failure of the anchor bolt Type E used in the main motor occurred. Fig. (12) shows the seismic fragility curves for the two limit states for the shear failure criteria, namely SLS1 and SLS2 representing yielding and ultimate limit states, respectively. For SLS1, the failure probability is larger than zero at 3.0 g or larger PGA, 50% at 4.8 g PGA, and 90% at 6.2 g PGA. For SLS2, the failure probability is larger than zero at 6.3 g, 50% at 7.5 g PGA, and 90% at 8.2 g PGA. In most cases, the failure of the anchor bolt Type A used in the flywheel occurred. Fig. (13) shows the seismic fragility curves for the two limit states for the shear-tension interaction failure criteria, namely ILS1 and ILS2 representing yielding and ultimate limit states, respectively. For ILS1, the failure probability is larger than zero at 3.4 g or larger PGA, 50% at 3.8 g PGA, and 90% at 4.1 g PGA. For ILS2, the failure probability is larger than zero at 5.2 g or larger PGA, 50% at 6.3 g PGA, and 90% at 7.1 g PGA. Fig. (14) shows the comparison of the seismic fragility curves for the three limit states for the yielding criteria, i.e. TLS1, SLS1, and ILS1. It is observed that the non-zero failure probability starts at a range of 3.0 to 3.5 g PGA while 100% failure probability ranges from 4.3 g to 8.0 g. It is noted that the 'inclination' of three curves are different, which means that their levels of uncertainty of estimating the failure are different, where a stiffer curve is less uncertain. It should be also noted that the fragility curve for TLS1 is on the left hand side of that of SLS1, which means that the BOG compressor is more likely to experience the tensile yielding of anchor bolts before the shear yielding. It agrees with the ductile design concept. Fig. (15) shows the comparison of the seismic fragility curves for the three limit states for the ultimate criteria, i.e. TLS2, SLS2, and ILS2. It is noted that the 'inclination' of the three curves are similar to each other, which means that their levels of uncertainty of estimating the failure are similar. In overall, the BOG compressor is not likely to get any damage under a considerably big earthquake. Table 4 lists the medians, log-standard deviations, and coefficient of variations (COVs, the ratio of the standard deviation to the median) for fragility functions of various limit states. Fig. (13) . Seismic fragility curve of the anchor bolt considering the shear-tension interaction failure.
Fig. (14)
. Seismic fragility curves of the anchor bolt considering the yielding failure criteria. Fig. (15) . Seismic fragility curves of the anchor bolt considering ultimate failure criteria. 
Propagation of Uncertainty
COVs in Table 4 ranges from 1.0% to 4.2%. COV is a measure of uncertainty in estimating the failure of the structure. The source of this uncertainty of fragility functions is only the uncertainty in the ground motions because the structural model is deterministic. In the process of developing fragility curves, the seismic intensity, i.e., PGA is controlled and the other characteristics in the ground motion are left uncertain. Although we did not identify and quantify those uncertainties in the ground motion, they are reflected to the fragility curves in an integrated sense. Table 5 shows the means, standard deviations, and COVs (the ratio of the standard deviation to the mean, in this case) of spectral accelerations of the 20 ground motions evaluated at the first three natural periods of the BOG compressor. It is observed that the COVs range from 21.6% to 32.0%. The comparison of COVs of the input ground motions and those of the output fragility functions leads to the conclusion that the uncertainty in the ground motion is decreased when developing the fragility function.
CONCLUSION
The seismic performance of the BOG compressor in operation in Korea is evaluated in this study. A 3-D finite element model of the compressor is developed to understand its dynamic characteristics. A suite of 20 recorded ground acceleration time histories are selected and a series of time history analyses are conducted over a wide range of PGA. Seismic fragility functions are developed based on the MLE approach with respect to various limit states of the anchor bolt failure. The following conclusions are drawn from this study.
• When an earthquake load is applied to the BOG compressor, the main motor is likely to overturn and the flywheel is likely to slide, and, consequently, anchor bolts will be subjected to tension and shear, respectively.
• The uncertainty in the ground motion propagates to the uncertainty in estimating the failure of the BOG compressor in a decreasing manner.
• The anchor bolts will likely yield to tension before they yield to shear, which is a desirable and ductile failure mechanism.
• When the design level earthquake (0.2 g horizontal PGA and 0.13 g vertical PGA) occurs the probability of the BOG compressor experiencing any damage is near 0.0%. • The BOG compressor will not likely to receive any damage from an earthquake of 3.0 g or less PGA.
It should be noted that the conclusions are based on the specific BOG compressor examined in this study, and consequently, it must be carefully reviewed before a generalization. The result of this study will be useful to evaluate the seismic vulnerability of an LNG terminal if combined with fragility functions of the other major process facilities.
